A novel hyperthermophilic, anaerobic, archaeon was isolated from a terrestrial hot spring at Uzon Caldera, Kronotsky Nature Reserve, Kamchatka, Russia. The isolate, strain 1860 T , grew optimally at 90-95 6C and pH 6.0-7.0. The cells were non-motile straight rods, 1.5-5.0 mm in length, covered with surface-layer lattice. Strain 1860 T utilized complex proteinaceous compounds as electron donors and ferrihydrite, Fe(III) citrate, nitrate, thiosulfate, selenite, selenate and arsenate as electron acceptors for growth. The sequence of the 16S rRNA gene of strain 1860 T had 97.9-98.7 % similarity with those of members of the genus Pyrobaculum. On the basis of its physiological properties and phylogenetic analyses including in silico genome to genome hybridization, the isolate is considered to represent a novel species, for which the name Pyrobaculum ferrireducens sp. nov. is proposed. The type strain is 1860 T (5DSM 28942 T 5VKM B-2856 T ).
Members of the genus Pyrobaculum were among the first hyperthermophilic archaea described (Huber et al., 1987) . Currently, the genus comprises seven species including Thermoproteus neutrophilus recently reclassified as Pyrobaculum neutrophilum (Chan et al., 2013) . With the exception of Pyrobaculum aerophilum isolated from a marine environment (Völkl P, et al., 1993) , all the members of the genus were isolated from terrestrial solfataras and hot springs. Most of representatives of the genus are facultative chemolithoautotrophs and strict anaerobes, although facultatively microaerophilic and aerobic species have also been described (Völkl P, et al., 1993; Sako et al., 2001; Amo et al., 2002) . In this paper, we report on the isolation and characterization of a novel anaerobic heterotrophic species of the genus Pyrobaculum isolated from a hydrothermal spring on the Kamchatka peninsula.
Strain 1860 T was isolated from a sample of brown-grey sediment from the bottom of a hot spring collected at 'Fumarolnoye' field, Uzon Caldera, Kronotsky Nature Reserve, Kamchatka, Russia (GPS coordinates: 54 u 30.1159 N 159 u 59.2799 . Conditions at the sampling site were 84 uC, pH 6.8, redox potential (Eh) 2340 to 240 mV. Samples were taken anaerobically in tightly stoppered bottles and transported to the laboratory. An enrichment culture was initiated by inoculation of the sample (10 %, w/v) into anaerobically prepared, bicarbonate-buffered, sterile (121 u C, 1 h) liquid medium of the following composition (per litre of distilled water): 0.33 g NH 4 Cl, 0.33 g KCl, 0.33 g MgCl 2 . 6H 2 O, 0.33 g CaCl 2 , 0.33 g KH 2 PO 4 , 2.0 g NaHCO 3 , 1 ml trace element solution (Slobodkin et al., 1997) and 1 ml vitamin solution (Wolin et al., 1963) . The medium was supplemented with yeast extract (0.2 g l 21 ) and acetate (9 mM) as potential electron donors and insoluble poorly crystalline Fe(III) oxide (ferrihydrite) (90 mmol Fe(III) l 21 ) as a potential electron acceptor. The medium preparation procedure, including the procedure for ferrihydrite preparation, was as described previously (Slobodkin et al., 1999) . No reducing agents were added. Medium was dispensed in 10 ml portions into 17 ml Hungate tubes; the headspace was filled with CO 2 (100 %). After incubation of the enrichment at 85 u C for 2 weeks the colour of the ferrihydrite changed from brown to black, indicating Fe(III) reduction. Only one morphological type of rod-shaped cells was observed in the enrichment. A pure culture (strain 1860 T ) was obtained by multiple serial 10fold dilutions in the liquid medium. The purity of the strain was confirmed by routine microscopic examination, by 16S rRNA gene sequencing and by complete-genome sequencing (Mardanov et al., 2012) .
(JEOL). Negative staining of whole cells was done with 2 % phosphotungstic acid. Growth experiments were performed in duplicate, using 17 ml Hungate tubes. Determination of temperature, pH and salinity ranges for growth was carried out in medium of the same composition as used for isolation with yeast extract (2 g l 21 ) as the electron donor and nitrate (10 mM) instead of ferrihydrite as the electron acceptor. For the pH experiments, the pH of the medium was adjusted to different values with sterile anaerobic solutions of HCl (2 M) or NaOH (5 %, w/v). Potential electron donors and acceptors were tested in medium of the same mineral composition. Soluble substrates and electron acceptors were added from sterile anaerobic stock solutions before inoculation. Insoluble substrates and electron acceptors were added directly into each test tube with liquid medium prior to sterilization. Fe(II) analysis was performed with 2,29-dipyridyl as described previously (Slobodkin et al., 1999) . Nitrate and nitrite were determined using Nitrate-Test strips (Merck MQuant). Sulfide was measured colorimetrically with dimethyl-p-phenylenediamine (Trueper & Schlegel, 1964) . The 16S rRNA gene sequence of strain 1860 T was compared with other sequences in GenBank (Benson et al., 1999) by using the BLAST program (Altschul et al., 1990) to identify its closest relatives. Alignment with a representative set of related 16S rRNA gene sequences from GenBank was carried out with the CLUSTAL W program implemented in the phylogenetic analysis package MEGA version 6 (Tamura et al., 2013) . Some of these sequences contained introns; these introns were excised, and the resulting intron-free sequences were used for phylogenetic analysis and tree reconstruction, which employed the maximum-likelihood method based on the Tamura-Nei model (Tamura & Nei, 1993) provided by MEGA version 6.
Cells of isolate 1860 T were non-motile straight rods with a width of 0.5 mm and a length of 1.5-5.0 mm ( Fig. S1a , available in the online Supplementary Material). Negatively stained electron micrographs showed that the cell wall consisted of typical surface-layer (S-layer) protein (Fig.  S1b ). The temperature range for growth of strain 1860 T was 75-98 u C, with an optimum at 90-95 u C. No growth was detected at 100 u C or above, as well as at 72 u C or below after incubation for 3 weeks. The pH range for growth was pH 5.5-7.5, with an optimum at pH 6.0-7.0. No growth was observed at pH 5.0 or below or at pH 8.0 or above after 3 weeks of incubation. Isolate 1860 T did not require NaCl for growth. It grew in the culture medium at salt concentrations of up to 1.0 % NaCl, but optimal growth was obtained in the absence of NaCl. No growth was observed at and above 1.5 % (w/v) NaCl. The doubling time under the optimal conditions was about 3 h. The novel isolate grew heterotrophically using complex proteinaceous substrates such as peptone, yeast extract and tryptone (2.0 g l 21 each) as electron donors and ferrihydrite [90 mmol Fe(III) l 21 ] or potassium nitrate (10 mM) as electron acceptors. Strain 1860 T was not able to utilize glucose, lactose, maltose, sucrose, starch (2 g l 21 each), ethanol (20 mM), lactate, malate, pyruvate, acetate, formate or propionate (10 mM each) with or without potassium nitrate (10 mM) as an electron acceptor in the presence of 0.05 g yeast extract l 21 . No lithoautotrophic growth was detected with H 2 /CO 2 (80 : 20, v/v), formate or thiosulfate (10 mM each) as an electron donor and nitrate or ferrihydrite as an electron acceptor in the absence or in the presence of 0.05 g yeast extract l 21 . Potential electron acceptors were tested with yeast extract (2.0 g l 21 ) as the electron donor. No growth of the strain 1860 T was observed in the absence of an electron acceptor. Ferrihydrite [90 mmol Fe(III) l 21 ], Fe(III)-citrate (10 mM), thiosulfate (20 mM), nitrate, selenite, selenate (10 mM each) and arsenate (5 mM) were used as electron acceptors for growth of strain 1860 T . Sulfate (14 mM), sulfite (5 mM), elemental sulfur (10 g l 21 ), nitrite (2.5 mM), 9,10-anthraquinone 2,6disulfonate (AQDS) and fumarate (10 mM each) were not reduced and did not support growth. Ferrihydrite was reduced to black magnetic precipitate with an Fe(II) content of 25-30 mM. No changes in colour or volume of the precipitate were observed in uninoculated controls with Fe(III), incubated under the same conditions. During growth by nitrate respiration, nitrite was accumulated in the medium. Thiosulfate was reduced to sulfide. During growth of strain 1860 T with selenite or selenate, red or black precipitates were formed respectively in the cultivation medium during the late exponential to the stationary growth phase indicating the production of different allotropes of elemental selenium. Strain 1860 T did not grow when oxygen (0.5, 2.0 or 5.0 %, v/v) was added to the gas phase or in aerobically prepared medium.
The size of the 16S rRNA gene was 3600 nt, of which 1499 nt represented exons and the remaining ones belonged to three introns. Occurrence of introns in the 16S rRNA genes is a phenomenon quite common in the family Thermoproteaceae (Itoh et al., 2003) and very rare in other archaea and in bacteria (Salman et al., 2012) . The sequences of the 16S rRNA gene exons of isolate 1860 T were very similar (97.9-98.7 % similarity) to those of members of the genus Pyrobaculum in the family Thermoproteaceae. Among species with validly published names from genera other than the genus Pyrobaculum, the most closely related were Thermoproteus tenax and Thermoproteus uzoniensis (about 96 % identity) and other members of the family Thermoproteaceae (88-93 %) ( Fig. 1) . Thus, strain 1860 T falls phylogenetically into the genus Pyrobaculum. Taking advantage of the availability of the genome sequence of isolate 1860 T (Mardanov et al., 2012) , we performed in silico hybridization of its genome with the genomes of other species of the genus Pyrobaculum to substantiate the classification of strain 1860 T as representing a novel species. Previously, seven species of the genus Pyrobaculum with validly published names have been described, and the genome sequences of six type strains are available. The only species whose genome is not available is Pyrobaculum organotrophum, a species very closely related to Pyrobaculum islandicum: a DNA-DNA hybridization (DDH) value between the type strains has been reported to be 64-67 % in the original publication (Huber et al., 1987) and 72-77 % in a later independent work (Sako et al., 2001) . These values are close to the 70 % threshold value accepted as the phylogenetic criterion for delineation of prokaryotic species (Tindall et al., 2010) . The 16S rRNA genes of the type strains are 100 % identical; in addition, their Cbf5 protein-encoding genes, sequenced by Yokobori et al., (2009) , are 99 % identical (Table S1 ). Therefore, in silico hybridization with the six available genomes should be sufficient to verify the distinct species affiliation of the novel isolate. In silico genome-to-genome comparison with the available genomes of other species of the genus Pyrobaculum was performed using the service provided by Genome-to-Genome Distance Calculator (http://ggdc.dsmz.de) (Meier-Kolthoff et al., 2013) using GGDC 2.0 BLAST+. The DDH values predicted between strain 1860 T and type strains of species of the genus Pyrobaculum by the recommended formula 2 (Table 1) were much lower than the 70 % threshold criterion for prokaryotic species delineation. Average nucleotide identity of shared genes (ANI) values were also calculated based on mutually best BLASTN hits with an identity higher than 60 % and coverage of more than 70 %. It has been established (Goris et al., 2007; Richter and Rosselló -Mó ra, 2009 ) that ANI values of 95-96 % correspond to the 70 % speciesdelimiting DDH value. ANI values obtained between the strain 1860 T and species of the genus Pyrobaculum were less than 75 %, which is much lower than the threshold value (Table S2) .
Strain 1860 T is a rod-shaped, strictly anaerobic, heterotrophic and hyperthermophilic archaeon growing optimally at a temperature above 90 u C. The phylogenetic analysis of 16S rRNA gene showed that the strain represented a species of the genus Pyrobaculum. The new isolate shares morphological and many phenotypic features such as growth temperature, pH and salinity ranges, as well as the main carbon and energy sources, with the other species of the The tree was reconstructed using the maximum-likelihood method. The analysis involved 14 nucleotide sequences representing species with validly published names. All positions containing gaps and missing data were eliminated (i.e. introns, if present, were neglected). Each number indicates the bootstrap value from 500 trials. Bar, 1 substitution per 100 nt. GenBank accession numbers are given in parentheses. Table 1 . In silico genome-to-genome comparison between strain 1860 T and type strains of species of the genus Pyrobaculum Species (GenBank/EMBL/DDBJ accession numbers): 1, Pyrobaculum ferrireducens sp. nov. 1860 T (CP003098); 2, Pyrobaculum aerophilum (AE009441); 3, Pyrobaculum arsenaticum (CP000660.13); 4, Pyrobaculum calidifontis (CP000561.1); 5, Pyrobaculum islandicum (CP000504.16); 6, Pyrobaculum neutrophilum (CP001014.17); 7, Pyrobaculum oguniense (CP003316).
Organism
Percentage DNA-DNA hybridization levels predicted by GGDC 2.0 BLAST+ formula 2 1 2 3 4 5 6 7 Strains: 1, 1860 T (data from this study); 2, P. islandicum DSM 4184 T (data from Huber et al., 1987) ; 3, P. organotrophum JCM 9190 T (Huber et al., 1987) ; 4, P. arsenaticum DSM 13514 T (Huber et al., 2000) ; 5, P. neutrophilum V24Sta T (Fischer et al., 1983) ; 6, P. aerophilum IM2 T (Völkl et al., 1993) ; 7, P. oguniense TE7 T (Sako et al., 2001) ; 8, P. calidifontis JCM 11548 T (Amo et al., 2002) . +, Positive; ", negative; ND, no data available. Feinberg et al. (2008) . DData from Huber et al. (2000) .
G. B. Slobodkina and others 854
International Journal of Systematic and Evolutionary Microbiology 65 genus ( Table 2 ). All of the described species of the genus Pyrobaculum perform a respiratory type of metabolism and are unable to grow in the absence of an electron acceptor. Cultivation media used for enrichment and isolation of members of the genus Pyrobaculum contained sulfur, nitrate, arsenate or oxygen as an electron acceptor. For many of the species the ability to reduce ferric iron has been later demonstrated (Feinberg et al., 2008) . This capacity has evolutionary importance since Fe(III) reduction is considered to be one of the earliest forms of microbial respiration (Vargas et al., 1998) . Strain 1860 T is the first representative of the genus enriched and isolated in pure culture with Fe(III) as electron acceptor. Isolate 1860 T is also able to reduce selenate and arsenate, electron acceptors that are not routinely tested. To our knowledge, among hyperthermophiles the capacity of respiration of selenate and arsenate has been shown only for species of the genus Pyrobaculum (Huber et al., 2000) . Members of the genus Pyrobaculum differ in terms of their reaction to oxygen and capacity for autotrophic growth. Like four of seven representatives of the genus, strain 1860 T is strictly anaerobic and unable to grow under microaerobic or aerobic conditions; whereas P. aerophilum is a facultative microaerophile (Völkl P, et al., 1993) and Pyrobaculum oguniense and Pyrobaculum calidifontis are facultative aerobes able to grow under atmospheric air with vigorous shaking (Sako et al., 2001; Amo et al., 2002) . The novel isolate is obligately organotrophic, similarly to P. organotrophum, P. oguniense and P. calidifontis, while other species of the genus are also capable of autotrophic growth. On the basis of the in silico comparison of genome sequences and the physiological properties, we propose that strain 1860 T represents a novel species of the genus Pyrobaculum, Pyrobaculum ferrireducens sp. nov.
Description of Pyrobaculum ferrireducens sp. nov.
Pyrobaculum ferrireducens [fer.ri.re.du9cens. L. n. ferrum iron; L. part. adj. reducens leading back, bringing back and in chemistry converting to a different oxidation state; N.L. part. adj. ferrireducens reducing iron (III)].
Cells are non-motile straight rods, 0.5 mm in diameter and 1.5-5.0 mm in length. The cell wall is composed of protein surface layer. Growth occurs at between 75 and 98 u C (optimum, 90-95 uC), at pH 5.5-7.5 (optimum pH 6.0-7.0) and with up to 1.0 % (w/v) NaCl (optimum 0 % The type strain, 1860 T (5DSM 28942 T 5VKM B-2856 T ), was isolated from a terrestrial hot spring at Kronotsky Nature Reserve, Kamchatka, Russia.
